Figure 6 - Two dimensional simulation of isothermal growth from a pure A solid seed (c=0,
¢=1) into a supersaturated binary alloy liquid with c=0.5. At the top are isoconcentrates in the
liquid and solid. At the bottom are plots of ¢ and c along the horizontal centerline.
Isoconcentrates are shown every 0.005 units for compositions between the dashed lines indicated
at the bottom and otherwise every 0.025 units. The ratio of solid to liquid diffusion coefficients
are 10 and 107! in (a) and (b) respectively. The anisotropy in ¢ was 5% and & was set to 0.
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ABSTRACT

Undercooling in the "extremities" of turbine blade shrouds during directional and
single crystal solidification leads to deteriorated properties. Thus it is desirable to
reduce such effects by an appropriate process control. Based on the LKT-theory for
dendritic growth into an undercooled melt and a simplified front tracking method a
new numerical model is proposed which takes the undercooling ahead of the
solidification front into account. The new algorithm is implemented into a finite
element solver for modeling the single crystal directional solidification in Bridgman
casting processes. The calculated temperature distribution within a turbine blade
shroud is compared with the results of former equilibrium calculations.

INTRODUCTION

Numerical calculations of the temperature distribution within a 3D geometry, taking
into account regions of undercooled melt is one of the important features of
solidification modeling which is still rare in literature today (1,2). The reason for this
fact is that in order to describe the propagation of the liquid/mushy interface into
undercooled areas, the thermal and solutal conditions at the microscopic scale have
to be known, together with macroscopic continuity equations. An exact solution of the
growth part would require to consider a front tracking method at the scale of the entire
process, but with a very complicated shape for the liquid/mushy interface. Since such

a task is impossible with present computer power one has to apply appropriate sim-
plifications.
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Recently, M. Rappaz et al. have presented an algorithm which considers nucleation
and undercooling effects during equiaxial solidification of binary alloys within 3D
geometries (3,4). They assume that the thermal boundary layer is larger than the
average grain size, leading to the consideration that the temperature within a grain is
uniform. Applying a simplified nucleation model, they calculate cooling curves with
recalescence and the corresponding grain size maps for materials with an equiaxed
solidification structure.

In this paper a new model is presented which describes the propagation of a lig-
uid/mushy interface into areas of undercooled melt by using a simplified front tracking
method. It is based on the finite element solver CASTS for the 3D simulation of cast
processes including a fully three dimensional net radiation calculation. The model is
applied to calculate the undercooling and the accelerated growth within a turbine
blade shroud which is undercooled during a conventional directional solidification
process. In order to simplify the problem to the essential features a special dummy
blade geometry is considered with two internal planes of symmetry (5).

MODEL DESCRIPTION

Considering a finite element mesh of a 3D geometry the nodes are, due to the actual
aggregate state of the material, characterised as 'liquid’, 'mushy’ or 'solid'. In order to
treat undercooling the liquid state must persist even when the temperature decreases
below liquidus. In the presented algorithm there are two criteria for changing the state
from 'liquid' to 'mushy":

i) the temperature of a mesh point decreases below a critical value (nucleation),

ii) a neighbouring mesh point already has the state 'mushy’ and within the time step of
the FEM calculation the advance of the envelope of the dendrite tips (liquid/mushy
interface) reaches the considered mesh point (growth).

Further details about the second criterion are given below.

Whenever an undercooled mesh point changes its state from 'liquid' to 'mushy’ its
temperature is adjusted according to the requirement of heat balance:

r,ﬂ:n—(n—r?)(p’c’;;’ (1)
eff

where T; is the liquidus temperature and T/?, T2 are the new and the old temperature
at mesh point i. p ¢, is the volumetric heat capacity of the melt (at 7;) and (o cp)e_ff the
so-called effective volumetric heat capacity (1), considering the latent heat of fusion.

After changing the status and adjusting the temperature according to equation (1) the
finite element temperature solver calculates the temperature evolution for the next

/R

time step. As it is assumed that the solidification of the interdendritic melt takes place
under equilibrium conditions, the temperature solver applies the equivalent specific
heat method within the mushy region. The FEM temperature solver CASTS used for
the calculation in this paper has been introduced in (2) and (6). During the
temperature calculation no advance of the liquid/mushy interface is considered.

Following to the determination of a new temperature distribution a special subroutine
describes the propagation of the dendrite tips. Thus, the growth process and the
solution of the heat transport equation are decoupled.

In order to describe crystal growth into the undercooled melt on the macroscopic
scale of the continuity equations the following straightforward technique has been
applied:

All nodes which are in an undercooled state are entered into a list. This list is
processed to estimate the mesh points where a change from liquid to mushy takes
place.in order to decide whether a mesh point has to change its state, spherical
shaped growth interfaces are considered to emerge from all neighbours which are in
the 'mushy' or the 'solid' state as soon as the considered node starts to undercool,
The growth rate v of this spherical growth is calculated applying the LKT-theory for
dendritic growth into undercooled melt (7). The undercooling at the considered mesh
point is used as bulk undercooling for the LKT-theory.

With this velocity the time of arrival at the considered node for each spherical inter-
face is calculated by adding the time interval for the propagation (linear movement) to
the time when the node staris to undercool. Comparison with the actual time used in
the FEM calculation yields the decision whether a state change has to occur. The
earliest arrival time is assigned to the considered mesh point as its time of change in
state. Then the point is removed from the list of undercooled nodes and the state
change is performed due to the upper description. If no interface arrives within the
actual process time no change takes place. This procedure is performed on all under-
cooled nodes.

As it is possible that the solidification process traverses more than the actual FEM
element in the given time step, it is necessary to repeat the above treatment on the
list of mesh points if it is yet not empty and at least one state change occurred during
the last processing,

If no further mesh point has to change its state the heat transport equation is solved
for the next time step.

Similar to the LKT-theory which describes the dendritic growth into an undercooled
melt of binary alloys the presented algorithm is also restricted to two-component
systems. To apply the algorithm for the simulation of the directional solidification of
superalloy turbine blades the multi-component superalloy is reduced to a quasi-binary
alloy. On this score the diffusion coefficient D is estimated by applying the
constitutional undercooling criterion:
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__ATo 2
(GIv),

where ATy is the solidification interval and (G/), the critical G over v va_lue for the ap-
pearance of the constitutional undercooling. G is the temp.erature gradient at the lig-
uid/mushy interface. The distribution coefficient k is approximated as:

k=Y (3)
vt

where v, and v; are the critical velocities for the morphological transition planar-
cellular and cellular-dendritic (8).

imated by D. Ma et
The values of (GA), v, and v; for the superalloy CMSX-6 are gstlma /
al. (8,10). The res&ltir:g D and k together with further physpal prgpemes of the
supe?alT)y CMSX-6 are listed in Table 1. The simulations in this paper were
performed using this data.

Table 1 Physical properties of the superalloy CMSX-6 used in the calculations

liquidus temperature T, =13400C
diffusion coefficient D=29x10°%mZ/s
distribution coefficient k=0.31
solidification interval ATp=100K
heat of fusion L=15x109 Jim3
Gibbs-Thomson coefficient r=10"7Km
heat capacity pcp =9.17 x 108 JI(mM3 K)
heat conductivity A =30 W/Km

RESULTS AND DISCUSSION

With the algorithm presented above the directional solidification of a QMSX-G super-
alloy dummy turbine blade within a Bridgman caster has been simulated using
following process parameter set:

- upper graphite heater at 1450 °C,
- lower graphite heater at 1550 °C,
- a withdrawal speed of 1 cm/min is used after a steady state temperature

distribution has been established,
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- mean ceramic shell thickness of 10 mm,
- critical undercooling for nucleation set to 25 K.

For comparison, Fig. 1a shows a 3D graph of a turbine blade shroud for the time step
where maximum undercooling appears calculated with the new algorithm and in Fig.
1b the corresponding situation determined under equilibrium conditions. For the sake
of simplicity only one fourth of the whole blade is shown. Within the turbine shaft
where directional growth takes place no significant difference occurs. Whereas in the

outside region of the turbine blade shroud the difference due to the appearing
undercoaling is obvious,

Figure 1 3D graph of a turbine blade shroud calculated with (a) and without (b) under-
cooling

Figure 2 shows a corresponding sequence of 3D graphs for different process times,
where the rapid advance of the liquid/mushy interface into the undercooled region is
illustrated. In Fig. 2a the shroud has reached the baffle region and thus starts to cool
by heat radiation. Figure 2b and 2c reveal the temperature distribution just before and
shortly after recalescence. It can be seen that an area of hot melt separates the
undercooled region from the turbine shaft. As soon as the temperature of this hot
area decreases below liquidus within only a small domain the liquid/mushy interface
propagates very rapidly from the turbine shaft into the undercooled region. This is
illustrated in Fig. 3 where the aggregate state of the turbine blade (a) and the time
were the nodes change to ‘mushy” (b) is mapped just after recalescence occurs. The
used time step during recalescence of about 0.2 s (the time step during the

solidification of the shaft has been chosen to 2 s) was found to be too large to resolve
the exact growth pattern.
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Figure 2 Sequence of 3D graphs according to different process times

In this calculation the maximum undercooling has been estimated to abqut 9 K Thi(sj
is in good agreement with the experimental findings of U. Paul (11 ) He |nvest|gate'
the undercooling of the superalloy SRR99 within the shrouds of turbine blades experi-
mentally.

i i i i i locations within the shroud are
In Fig. 4 different cooling curves determined at various
shov?n. Curve 1 is calculated for the outer edge nearest to the baffle. Curves 2-5 are
calculated at the same height but for different depths counted diagonally from this
edge towards the turbine shaft.
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Figure 3 Aggregate state of the shroud
. nodes change to ‘mushy” (b
bright ones the ‘liquid state.

just after recalescence (a) and time were the
). The dark nodes in (a) represents the ‘mushy” and the

1344

1340~

Temperature [°C]

1336

1332 a .
615 618 621 624

627 630
Time [s]

Figure 4 Calculated cooling curves at various lo

cations within the shroud of the
dummy blade

CONCLUSIONS

A new algorithm has been proposed to simulate the advance of a liquid/mushy
interface into an undercooled melt on a macroscopic scale within a 3D geometry. This
algorithm has been applied to simulate the undercooling within the extremities of
turbine biade shrouds during the directional solidification within a Bridgman caster.
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The simulation confirms that an undercooling of about 8 K appears at the gxtremities
of the shroud. The solidification propagates from the turbine shaft very rapidly over a
small area at the narrow side of the shroud into the undercooled areas. The
corresponding recalescence takes less than 0.2 s. The new concept on which _the
presented algorithm is based on can be used not only for crystal growth into
undercooled areas but also for directional growth situations.
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ABSTRACT

The solidification behavior of a nickel based superalloy, its composition is similar to IN-738, has
been determined by using a novel DTA technique which allowed us to measure the carbide,
liquidus, solidus and eutectic temperatures on heating and the maximum undercooling and the
local solidification time, on cooling, obtained in each sample. The concentrations of alloy
elements at the center and edge of dendrite arms and in the carbide particles and matrix phase
have been determined by WDS microprobe analysis, which helped us to identify the phases
formed during solidification. The partitioning of each alloy element has been studied by the
average ratio of concentration at the center of dendrite arm against that at the edge. The grain
sizes and dendrite arm spacings at different cooling rates were measured on lightly etched
sections of the samples which had been solidified in the novel DTA cooling runs while the
eutectic size was measured on the polished section of the samples. An empirical relationship
between the maximum undercooling and the grain size has allowed us to establish a uantitative
nucleation law based on a previous analysis used in cast iron, steel, cast aluminum and aluminum
aerospace alloys. A general solidification microstructure model initially developed for the binary
system has been modified for a concentrated multi-component system such as iron and nickel
based superalloys. This model predicts the microstructural parameters in the castings: grain size
and its distribution, and the primary and secondary dendrite arm spacings, all as functions of
cooling rate. The predictions of this model compare well with the measured results. This model
should be applicable to other superalloys and intermetallics.
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